The major DNA-binding protein encoded by several temperature-sensitive mutants of herpes simplex virus type 1 was thermolabile for binding to intracellular viral DNA. The ability of DNase I to release this protein from isolated nuclei was used as a measure of the amount of protein bound to viral DNA. This assay was based upon our previous observation that the fraction of herpesviral DNAbinding protein which can be eluted from nuclei with DNase I represents proteins associated with progeny viral DNA (D. M. Knipe and A. E. Spang, J. Virol. 43:314-324, 1982). In this study, we found that several temperature-sensitive mutants encoded proteins which rapidly chased from a DNase I-sensitive to a DNase I-resistant nuclear form upon shift to the nonpermissive temperature. We interpret this change in DNase I sensitivity to represent the denaturation of the DNA-binding site at the nonpermissive temperature and the association with the nuclear fiamework via a second site on the protein. The DNA-binding activity measured by the DNase I sensitivity assay represents an important function of the protein in viral replication because three of five mutants tested were thermolabile for this activity. A fourth mutant encoded a protein which did not associate with the nucleus at the nonpermissive temperature and therefore would not be available for DNA binding in the nucleus. We also present supportive evidence for the binding of the wild-type protein to intracellular viral DNA by showing that a monoclonal antibody coprecipitated virus-specific DNA sequences with the major DNA-binding protein.
The major DNA-binding protein encoded by several temperature-sensitive mutants of herpes simplex virus type 1 was thermolabile for binding to intracellular viral DNA. The ability of DNase I to release this protein from isolated nuclei was used as a measure of the amount of protein bound to viral DNA. This assay was based upon our previous observation that the fraction of herpesviral DNAbinding protein which can be eluted from nuclei with DNase I represents proteins associated with progeny viral DNA (D. M. Knipe and A. E. Spang, J. Virol. 43: [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] 1982) . In this study, we found that several temperature-sensitive mutants encoded proteins which rapidly chased from a DNase I-sensitive to a DNase I-resistant nuclear form upon shift to the nonpermissive temperature. We interpret this change in DNase I sensitivity to represent the denaturation of the DNA-binding site at the nonpermissive temperature and the association with the nuclear fiamework via a second site on the protein. The DNA-binding activity measured by the DNase I sensitivity assay represents an important function of the protein in viral replication because three of five mutants tested were thermolabile for this activity. A fourth mutant encoded a protein which did not associate with the nucleus at the nonpermissive temperature and therefore would not be available for DNA binding in the nucleus. We also present supportive evidence for the binding of the wild-type protein to intracellular viral DNA by showing that a monoclonal antibody coprecipitated virus-specific DNA sequences with the major DNA-binding protein.
The major DNA-binding protein of herpes simplex virus type 1 (HSV-1), infected cell polypeptide 8 (ICP8), is expressed as a delayed-early or beta viral protein (1, 12, 21, 33) . Its role in the replicative cycle of the virus is not completely established, but it has been implicated in the replication of viral DNA (5, 20) and the regulation of viral gene expression (P. J. Godowski and D. M. Knipe, manuscript in preparation). ICP8 from nuclear extracts sediments in deoxyribonucleoprotein complexes (S. S. Leinbach, personal communication). In vitro, the protein binds to single-stranded DNA-cellulose more efficiently than to double-stranded DNA-cellulose (22) , shows no preference for viral DNA over cellular DNA in a filter-binding assay, and possesses an unwinding activity for polydeoxyadenylic acid-polydeoxythymidylic acid helices (20) .
Temperature-sensitive (ts) mutants of HSV-1 in complementation group 1-1 are candidates for viruses encoding defective ICP8 molecules (32) . One member of this complementation group, mP tsHAl, can be converted to a ts+ phenotype by replacement with wild-type viral DNA sequences which map between coordinates 0.372 to 0.388 on the HSV-1 genome. These sequences hybridize to a mRNA species which directs the synthesis of ICP8 in vitro (5) . Furthermore, marker rescue experiments with restriction enzyme digests from HSV-2 DNA showed that ts+ recombinants of tsHA1 all encode the donor HSV-2 ICP8 species (5) .
It has been shown that there are several discrete steps in the association of ICP8 with the host cell nucleus (16, 23 (15) .
Labeling and fractionation of proteins from infected cells. Vero cells were infected, labeled, and fractionated by methods similar to those described before (17 All pellets were dissolved in electrophoresis sample buffer, and the proteins were analyzed by electrophoresis in 9.25% polyacrylamide gels as described before (17) .
Immunoprecipitation and analysis of ICP8-DNA complexes. The antibodies used for immunoprecipitation were monoclonal antibodies 39S (27; directed against ICP8) and F4 (3; directed against the reovirus hemagglutinin protein) and hyperimmune rabbit antiserum NC-1 (4 Labeling of DNA fragments. The EcoRI F fragment was isolated from the plasmid pSG18 (9) by electroelution (19) . The DNA fragment was labeled by nick translation with [a-32P]dCTP (Amersham Corp., Arlington Heights, Ill.) to a specific activity of 3 x 107 cpm/,ug of DNA (24) .
Plasmids for marker rescue. Goldin et al. (9) cloned the EcoRI F fragment of KOS 1.1 DNA into pBR325 to generate pSG18. We isolated subclones of pSG18 by digesting the plasmid with Sall and ligating to Sallcleaved pBR325 DNA (see Fig. 6 ). This DNA was transformed into Escherichia coli K-12 strain BC32 obtained from B. Bochner, University of California, Berkeley, Calif.), and tetracycline-sensitive, ampicillin-resistant colonies were selected (D. Zantos and D. M. Knipe, unpublished results). The largest Sall DNA fragment from the HSV insert (SalI A) was purified and digested with PvuII (see Fig. 6 ). This digest was ligated to either PvuII-or PvuII-SalI-digested pBR322, and the molecules were used to transform E. coli K-12 strain HB101. Transformants containing insertions into PvuII-SalI-digested pBR322 were selected by screening for tetracycline-sensitive, ampicillin-resistant colonies. Plasmids from these colonies contained the terminal Sall-PvuII fragments of Sall A. Transformants containing insertions into PvuII-digested pBR322 were selected by colony hybridization (10) with 32P-labeled EcoRI F fragment. These colonies carried plasmids which contained the internal PvuII fragments of Sall A. Plasmid DNA for marker rescue experiments was obtained by two methods. Plasmid preparations of pSG18 and the SalI subclones were purified in CsCl density gradients (6) . Plasmids from the PvuII subclones were made by an alkaline extraction procedure described previously by Birnboim and Doly (2).
RESULTS
Precipitation of viral DNA with monoclonal antibody against ICP8. We have previously shown that ICP8 can be released from isolated infected cell nuclei by DNase I treatment (17) . However, in the absence of viral DNA replication, the association of ICP8 with the infected cell nucleus was resistant to DNase treatment.
On the basis of these data, we concluded that a significant fraction of ICP8 in the infected cell nucleus was capable of binding to progeny viral DNA molecules.
Evidence supporting in vivo binding of ICP8 to viral DNA was obtained by looking for virusspecific DNA sequences which were associated with ICP8 in immunoprecipitates from nuclear extracts. Polyacrylamide gel electrophoresis (Fig. 1A) showed that the monoclonal antibody 39S specifically precipitated ICP8 from sonicated nuclear extracts, whereas a rabbit antiserum (NC-1) precipitated predominantly ICP5, the major capsid protein. Figure 1B shows a HindIII digest of viral DNA associated with ICP8 in infected nuclear extracts. The probe utilized to detect virus-specific sequences was an EcoRI F fragment which is contained within the 40. Effect of temperature shift on in vivo binding of wild-type and mutant ICP8 to viral DNA. Cells were infected at the nonpermissive temperature (39°C) and fractionated into cytoplasmic, DNase I-resistant nuclear, and DNase I-sensitive nuclear fractions. The distribution of ICP8 was different in cells infected with the ts+ virus in comparison with cells infected with the mutant tsHAl (Fig. 2) . In cells infected with tsHAl at 39°C, there was very little ICP8 in the cytoplasm and the DNase I-sensitive nuclear fraction which represents protein bound to viral DNA. Because tsHAl fails to replicate its DNA at the nonpermissive temperature (5), this observation was consistent with our previous observation that in the absence of viral DNA replication, ICP8 is mostly associated with the nucleus in a form which cannot be eluted with DNase I (17) .
We examined the state of ICP8 after a shift of infected cells from 33 to 39°C to determine whether the ts mutants encode ICP8 molecules which have thermolabile in vivo DNA-binding activities. Cells were infected at the permissive temperature to allow viral DNA replication and nuclear transport of ICP8 to occur. The cells were then shifted to the nonpermissive temperature, and the amount of ICP8 bound to viral DNA was assayed. After 60 min at the nonpermissive temperature, the fraction of protein bound to viral DNA in cells infected with tsHAl was substantially reduced (Fig. 3) . The protein profiles from cells shifted from 33 to 39°C resembled the protein distribution obtained from cells infected at the nonpermissive temperature (Fig.  2) . No significant changes were observed in the distributions of proteins in the ts+ infection after temperature shift-up (Fig. 3) .
The relative amounts of ICP8 were quantitated by densitometry scanning of autoradiograms. The amounts of ICP8 in the three subcellular fractions at various times after temperature shift-up are shown in Fig. 4 . In cells infected with tsHAl, the amount of cytoplasmic and DNase-sensitive ICP8 decreased substantially by 30 min; however, the amount of DNaseresistant nuclear protein increased (Fig. 4C) . The increase in ICP8 in the DNase-resistant nuclear fraction may be due either to an influx of cytoplasmic protein or to the conversion of the DNase-sensitive to the DNase-resistant form. However, the total amount of cellular ICP8 was reduced, and we favor the explanation that, upon temperature shift, a rapid degradation of cytoplasmic ICP8 occurs concurrent with a conversion of viral DNA-bound ICP8 to a DNaseresistant nuclear form. After conversion to the DNase-resistant form, the mutant protein be- They were fractionated into cytoplasmic (C), DNaseresistant nuclear (N), and DNase-sensitive nuclear (D) fractions, and the proteins were analyzed by electrophoresis followed by autoradiography. Numbers on left show molecular weight markers as described in the legend to Fig. 1 .
came insoluble after prolonged incubation (greater than 60 min) at the nonpermissive temperature (data not shown). Infection with the mutant virus at the permissive temperature did not show any alterations in the distribution of ICP8 (Fig. 4D) . Infections with the ts+ virus also showed no alterations in the distribution of ICP8 at either the permissive (Fig. 4B) or the nonpermissive temperature (Fig. 4A) . The changes in the distribution of ICP8 in cells infected with tsHAl were due either to a thermolabile DNA-binding function or to the cessation of viral DNA replication. Schaffer et al. (25) have shown that when cells infected with the DNA polymerase mutant tsD9 are shifted to the nonpermissive temperature, DNA replication stops. Therefore, we examined the distribution ts+ of ICP8 in cells infected with tsD9. The amount of ICP8 in the DNase-sensitive fraction did not change upon shift to the nonpermissive temperature (Table 1) . This shows that the cessation of viral DNA replication alone was insufficient to initiate the changes in DNase sensitivity of ICP8 in cells infected with tsHAl. Therefore, we conclude that the ICP8 encoded by tsHAl possesses a thermolabile DNA-binding function.
Several other ts mutants in complementation group 1-1 were tested in the in vivo DNAbinding assay ( Table 1 ). The mutants tsl3 and tsl8 showed the same DNA-binding phenotype as tsHAl, whereas ts6 did now show a thermolabile DNA-binding activity. In cells infected with the ts+ virus, the amount of ICP8 in the cytoplasmic fraction decreased upon a shift to 39°C. min. The cells were chased for 2 h at 33°C, at which time they were either held at 33°C or shifted to 39°C for 60 min. The cytoplasmic (C), DNase-resistant nuclear (N), and DNase-sensitive nuclear (D), fractions were obtained as described in the text, and the proteins in each fraction were analyzed by electrophoresis and autoradiography. Numbers on left show molecular weight markers as described in the legend to Fig. 1 . Figure 5 shows the rate of nuclear association of ICP8 of two ts mutants and their ts+ parent. ICP8 encoded by the DNA-binding mutant ts13 showed the same rate of nuclear association as that encoded by ts+ virus. There was a transfer of ICP8 from the cytoplasm to the nuclear fraction with a transient increase in the detergent-soluble nuclear fraction. On the other hand, ts656 showed a gradual decrease in the cytoplasmic fraction without any substantial increase in the nuclear fraction after 5 to 10 min of chase. There are two possible explanations for the failure of ICP8 to accumulate in the nuclei of cells infected with ts656. First, the mutant protein molecules were recognized as abnormal proteins and were rapidly degraded in the cytoplasm before nuclear transport could occur. Second, the mutant proteins possessed a defective nuclear transport function, they were not transported into the nucleus, and they were eventually degraded. We have not been able to determine the correct explanation. However, both pathways result in the degradation of the mutant protein and the lack of a nuclear form of ICP8. This also occurs to a more limited extent in cells infected at the permissive temperature (data not shown). For this reason, it was difficult to determine the in vivo DNA-binding activity of ICP8 encoded by ts656.
The mutants listed in Table 1 were also tested for the rate of nuclear association of ICP8. No other mutants, including the DNA polymerase mutant tsD9, showed defective nuclear association of ICP8.
Marker rescue of ts mutants with cloned viral DNA fragments. The ts lesions of the mutants were mapped to identify the portions of the ICP8 molecule which are required for the DNA-binding function. Subclones of the recombinant plasmid pSG18 (9) were used in marker rescue experiments. pSG18 contains the EcoRI F fragment which is located from 0.314 to 0.420 map units on the HSV-1 genome. All of the ts mutants described in this study mapped within a single SalI fragment, SalI A, between map units 0.386 and 0.417 (Table 2 ). In addition, PvuII subclones of SalI A were used to rescue the ts lesions of these mutants ( Table 2 ). The map position of the ts lesions are shown in Fig. 6 Table 2 Model for interaction of ICP8 with the cell nucleus. We propose a model which explains the effect of a nonfunctional DNA-binding site on the nuclear association of ICP8 (Fig. 7) . In this model, we assume that the viral DNA-binding site on the protein is partially or entirely distinct from the site required for binding to the nuclear framework. This assumption is supported by the observation that the DNA-binding activity can be inactivated without inactivating the ability of the protein to bind to the nucleus. In the absence of viral DNA replication, the protein is bound to the nuclear framework (Fig. 7A) and cannot be eluted by DNase treatment (17, 23) . However, protein bound to newly synthesized viral DNA can be released from nuclei with DNase I be- VOL. 46, 1983 cause allosteric constraints prevent the protein from binding to the nuclear framework when the DNA binding site is occupied (Fig. 7C) . When cells infected with a ts mutant encoding a thermolabile DNA-binding function are shifted to 39°C, ICP8 is released from DNA but is still associated with the cell nucleus, possibly by binding to the nuclear framework (Fig. 7D ). An alternative model postulates that only one site is used for binding to viral DNA or to the nuclear framework. In this situation, the site would have a higher affinity for viral DNA than for the nuclear framework. Our current model also assumes that binding to either site involves a monomeric form of the protein. Additional work will be needed to show whether this protein assumes multimeric forms.
Comparison with other mutant DNA-binding proteins. Thermolabile DNA-binding proteins have been reported in other animal virus systems. For example, the tsA mutants of simian virus 40 show thermolabile binding of the large T antigen to the simian virus 40 replication origin in vitro (14, 30, 34) and to minichromosomes in vivo (18) . These mutant proteins are usually degraded rapidly at the nonpermissive temperature (29) , and therefore, it has not been possible to study their subcellular associations at the nonpermissive temperature. Temperature-sensitive mutants in the 72-kilodalton DNA-binding protein encoded by adenovirus have also been identified (8) . The protein encoded by one of these mutants is thermolabile for binding to DNA-cellulose (31) . In our HSV system, it was not possible for us to test whether mutant ICP8 molecules synthesized at 39°C could bind to DNA-cellulose because these proteins were insoluble after a long labeling period at the nonpermissive temperature (unpublished data). Proteins synthesized in cells infected with tsHAl and tsl3 at 33°C bound to single-stranded DNAcellulose with the same affinity as ts+ proteins, and we observed no differences in their elution profiles at temperatures up to 40°C (unpublished data). We believe that this in vitro assay does not reflect the requirement for binding to viral DNA in the infected cell. We are currently investigating the relationship between the in vivo DNA-binding function and the DNA-binding and -unwinding activities observed in vitro.
